Conception of a new mammalian organism is determined by the fusion of a sperm cell with an 18 oocyte during fertilization. Motility is one of the features of sperm that allows them to succeed in 19 fertilization, and their flagellum is essential for this function. Longitudinally, the flagellum divides 20 into the midpiece, the principal piece, and the end piece. A precise cytoskeletal architecture of the 21 sperm tail is key for the acquisition of fertilization competence. It has been proposed that the actin 22 cytoskeleton plays essential roles in the regulation of sperm motility, however, actin organization 23 in sperm remains elusive. In the present work, we found different types of actin structures in the 24 sperm tail, using stochastic optical reconstruction microscopy (STORM). In the principal piece, 25 actin is radially distributed between the axoneme and the plasma membrane. The actin-associated 26 proteins spectrin and adducin are also found in these structures. Strikingly, polymerized actin in 27 the midpiece forms a double-helix that accompanies mitochondria. Our findings illustrate a novel 28 specialized structure of actin filaments in a mammalian cell. 29 30 3
The localization of F-actin in mouse sperm was initially determined by immunofluorescence using 77 two different approaches: i) labeling with fluorescent phalloidin, and ii) using a transgenic mouse 78 line that expresses LifeAct-GFP, a small peptide that stains F-actin without altering its dynamics, 79 in all cell types (Riedl et al., 2010) . In both cases, F-actin was observed in the sperm head and 80 throughout the tail, with higher intensity in the midpiece ( Fig. 1 A and B ). This localization is in 81 line with previous reports of F-actin in sperm (Bouchard et al., 2000; Flaherty et al., 1986; 82 Romarowski et al., 2015) ; however, the narrow shape of the sperm flagellum together with the 83 limitations in resolution of widefield microscopy, did not allow to observe details of the actin 84 structure. To investigate the organization of F-actin in the flagellum in detail, we imaged 85 phalloidin-stained sperm using STORM (Bates et al., 2008) , a superresolution technique that was 86 previously employed successfully to evaluate the localization of different proteins in mouse sperm 87 (Alvau et al., 2016; Chung et al., 2014) . Consistent with results obtained using widefield 88 immunofluorescence imaging (Fig 1 A and B) , STORM showed high density of F-actin in the tail. 89 In addition, STORM revealed two different structures in the midpiece and the principal piece ( Fig.   90 1 C). While in the midpiece F-actin forms a periodical structure, in the principal piece is uniformly 91 distributed along the flagellar length. Figure 1 D shows a zoom of the periodical arrangement of 92 F-actin found in the sperm midpiece, this structure is also shown in the Supplemental video 1. The 93 cross-section of the midpiece showed that F-actin is completely absent from the central axoneme 94 (Fig. 1 E) . It is worth notice that, besides the prevalent helical structure observed in the midpiece, 95 short F-actin bundles are found spread along the circumference of the flagellum (Fig. 1 F and G) . 96 In order to exploit the cylindrical symmetry of the flagellum, we converted the molecule 97 localizations as found by STORM into cylindrical coordinates (r, , z') . Note that when working 98 in cylindrical coordinates we refer to z' as the flagellum axis but in Cartesian coordinates it is the 99 6 direction normal to the coverslip, so that in Cartesian coordinates the sperm lies on the xy plane, 100 as sketched in Fig. 2 A. Figure 2 B shows the distribution of F-actin radial localizations P(r) in the 101 midpiece for different individual cells, together with the mean distribution. The distribution of 102 radial localizations is presented as an area density with normalization 2 d 1 and, 103 thus, the mean radius is obtained as 104 〈 〉 2 .
[1] 105 The radial distribution in the midpiece (Fig. 2 B) indicates that F-actin peaks at ~ 300 nm from the 106 center of the flagellum. A graphical representation of F-actin localization in terms of the azimuth 107 angle  vs. axial distance z' along the midpiece shows that the periodical F-actin organization 108 found in this region forms a helical structure (Fig. 2 spectrum shows a single (non-zero frequency) peak at a spatial frequency ƒ0 = 3.92±0.22 µm -1 (peak 120 ± HWHM). This analysis was performed in multiple cells, with all cells yielding a similar peak in 121 7 the power spectrum. Namely the mean peak corresponds to a distance between helices 1/〈 〉 = 122 243.7 ± 1.8 nm (mean ± sem, n = 15).
123 Figure 3A shows a transmission electron microscopy (TEM) image of a longitudinal section of the 124 sperm midpiece. The mitochondrial organization, which displays a similar periodicity to the 125 observed actin structure is clearly visible. Thus, the helical actin structure in the midpiece follows 126 the organization of the mitochondrial sheath. The red arrow in the figure indicates a distance of 127 300-nm from the center of the flagellum, which corresponds to the F-actin radius in the midpiece 128 as found by STORM. Based on these measurements, the helical structure of actin presented a radial 129 localization coincident with the radial center of the mitochondria, suggesting that the actin 130 filaments are located in thin regions between mitochondria. The surface of the midpiece can also 131 be investigated in extremely high resolution by atomic force microscopy (AFM). Eddy, 2006) . We further investigated the organization of F-actin and the mitochondrial sheath by cross-section of the midpiece showed that spectrin is absent from the central axoneme ( Fig. 4 E) .
155
The analysis of radial localization indicated a maximum density at 410 ± 23 nm (mean ± sd, n = 156 4) in the midpiece ( Fig. 4 F) , which suggests that spectrin is localized apposed to the plasma 157 membrane. Similar results were obtained when sperm were incubated with a different anti-spectrin 158 antibody (Suppl. Fig. 1 ).
159
STORM images of adducin show that this protein forms a sparse dotted structure in the midpiece 160 and a more uniform structure along the principal piece ( Fig. 4 G) . A zoom of the midpiece structure 161 is shown in Fig. 4 H. The cross-section of the midpiece indicated that adducin is also absent from 162 the central axoneme ( Fig. 4 I) . The analysis of radial localization indicated that the highest density The structural organization of the principal piece is key for sperm function and motility. We 
177
The cross-section showed that this protein also localized in a ring-like structure ( emphasizes the importance of an elastic midpiece structure for sperm function. Adducin is an actin 235 capping protein that promotes the binding of F-actin to spectrin (Li et al., 1998) . We found that 236 adducin is present in mouse sperm and is localized in the acrosome as well as in the tail. Conversely 237 to the F-actin and spectrin structure found in the midpiece, adducin presented a dotted distribution 238 in this region. This discrete localization found at the same radius as F-actin, and close to the radius 239 of spectrin in the midpiece suggests that adducin might be linking the F-actin and spectrin 240 structures observed in the midpiece (see model in Fig. 6 A) .
241
In neurons, the cytoskeleton of axons is formed by periodical actin rings that intercalate with 242 spectrin, and sodium channels localize following this underlying actin-spectrin-based cytoskeleton organized membrane domains, and thus regulating sperm function (see model in Fig. 6 B) . During 249 capacitation, the motility pattern of the sperm changes from progressive to hyperactivated.
250
Structural organization of ion channels and pumps is critical for the modulation of the dynamic 251 processes associated with the acquisition of the asymmetrical hyperactivated motility.
252
In the same way that erythrocytes remain for long periods of time in the blood stream, sperm are 253 exposed to different environments and can survive for days inside the female reproductive tract (20 mM)]. Sperm were allowed to swim-out for 10 min at 37 °C, and then the epididymides were 283 removed and the suspension of sperm was adjusted to a final concentration of 1-2 10 7 cells/ml.
284
Indirect immunofluorescence 285 After collection, sperm were centrifuged at 800 g for 5 min, washed with 1 ml PBS, and centrifuged 
